In the fossil record, taxa exhibit a regular pattern of waxing and waning of occupancy, range or diversity between their origin and extinction. This pattern appears to contradict the law of constant extinction 1 , which states that the probability of extinction in a given taxon is independent of that taxon's age. It is nevertheless well established for species, genera and higher taxa of terrestrial mammals 2-4 , marine invertebrates 5-7 , marine microorganisms 8 , and recent Hawaiian clades of animals and plants
In the fossil record, taxa exhibit a regular pattern of waxing and waning of occupancy, range or diversity between their origin and extinction. This pattern appears to contradict the law of constant extinction 1 , which states that the probability of extinction in a given taxon is independent of that taxon's age. It is nevertheless well established for species, genera and higher taxa of terrestrial mammals [2] [3] [4] , marine invertebrates 5-7 , marine microorganisms 8 , and recent Hawaiian clades of animals and plants 9 . Here we show that the apparent contradiction between a stochastically constant extinction rate and the seemingly deterministic waxing and waning pattern of taxa disappears when we consider their peak of expansion rather than their final extinction. To a first approximation, we find that biotic drivers of evolution pertain mainly to the peak of taxon expansion, whereas abiotic drivers mainly apply to taxon extinction. The Red Queen's hypothesis 1 , which emphasizes biotic interactions, was originally proposed as an explanation of the law of constant extinction. Much effort has since been devoted to determining how this hypothesis, emphasizing competition for resources, relates to the effects of environmental change. One proposed resolution is that biotic and abiotic processes operate at different scales 10 . By focusing attention on taxon expansion rather than survival, we resolve an apparent contradiction between the seemingly deterministic waxing and waning patterns over time and the randomness of extinction that the Red Queen's hypothesis implies.
Leigh Van Valen formulated the law of constant extinction 1 after attempting to show that the probability of extinction increases with taxon age, and finding instead that it does not. However, the discovery that taxa tend to have rising and falling occupancy, range or diversity trajectories, typically with a single peak between origination and extinction ( Fig. 1 ), seems to suggest that their probability of extinction does depend on age in some way. This pattern has been documented independently for multiple groups and taxonomic levels [2] [3] [4] [5] [6] [7] [8] . Superficially, this suggests an impossible situation in which the probability of taxon extinction both depends on age and is independent of it. Without denying that the dynamics of a taxon's history are often more complex 11 than the formulation of the law of constant extinction might suggest, there is an evident need to determine how the seemingly deterministic patterns and seemingly random processes fit together in a coherent theory.
Evolutionary success or failure should be considered as a process rather than as points in time. Extinction simply marks the end of the process: if "death and extinction are the extreme case of negative expansion, all of evolution can be considered as sustained differential expansion" (page 183 of ref. 12) . The Red Queen's hypothesis can thus be interpreted as a statement about competition for expansive energythe energy used for growth and reproduction 13 . Although hat-like trajectories over the history of species or higher taxa (quantified as site occupancy 2, 5, 8 , geographic range 6, 7 , clade diversity 3 or abundances 14 ) are not universal, accumulating evidence shows that they are persistently common at least in the fossil record of mammals [2] [3] [4] , marine invertebrates [5] [6] [7] and marine plankton 8 . Randomlike patterns are commonly observed in the fossil record [15] [16] [17] [18] [19] , but explanations for these patterns remain rare and disparate, recent surveys 18, 19 show. Previous observations 17 suggest that a random walk model can generate the full spectrum of empirically observed age-area relationships; in other words, a stochastic process can produce patterns that are predictable with respect to taxon age and occupancy. We suggest that the patterns observed in the fossil record are difficult to distinguish from random walks because evolutionary processes actually do involve stochastic processes, as suggested by the Red Queen's hypothesis in its original form, which states that "[t]he probability of extinction of a taxon is then effectively independent of its age. This suggests a randomly acting process" (page 17 of ref. 1). Therefore, we should actually expect to see hat-like patterns in the fossil record as a result of the stochastic processes (such as those described by the law of constant extinction and the Red Queen's hypothesis) that generate it.
A simple random walk model is likely to produce area-age trajectories with multiple peaks (Fig. 2a) , because at any point in its trajectory the chances for a taxon to expand or contract do not depend on its past trajectory. In reality, however, traits have history and cannot be changed radically over a single time step. The concept of building upon already existing characteristics is known in evolutionary biology as phylogenetic inertia 20 . Regardless of whether such inertia is the result of constraints on adaptation or the expected outcome of natural selection, it confers to the system a memory-like property. By 'memory' , we mean that if a taxon expanded in the previous time step, it is more likely to expand in the next time step (as a result of phylogenetic inertia of some sort under a similar environmental regime). If we add memory to the random walk model, it produces a correlated random walk model that generates highly unimodal patterns (Fig. 2b) . Such correlated random walk models have been widely used for modelling animal dispersals 21 and could also explain how the hat-like patterns characteristic of a taxon's history can be produced by an evolutionary process with random components.
With a plain random walk model, taxa could potentially expand to infinity, because there are no limits to the available resources. In reality, if resources were unlimited there would be no competition and in turn no natural selection. If we add a property to the correlated random walk model that dictates that the probability of expanding or contracting depends on how many other taxa or individuals are already there, the model produces patterns that appear deterministic (mostly unimodal, as in the examples in Fig. 2b, c) .
In these random walk models, the intensity of competition under given environmental conditions modifies the probabilities of expansion and contraction. Under environmental pressure (abiotic forcing), expansions, peaks and declines in the population-size trajectories of taxa are expected to synchronize with environmental changes (Fig. 2d) . Under competition pressure (biotic forcing), the trajectories are expected to synchronize with the intensity of competition. We therefore used the fossil record to investigate to what extent temporal clumping of the trajectories was related to competition, environmental change or to both.
Ever since Darwin asked whether evolution would continue in the absence of environmental change 22 , it has been widely recognized that both biotic and abiotic factors shape evolution 10, [23] [24] [25] [26] [27] [28] and that the relative roles of biotic and abiotic factors may differ at speciation and extinction. Here we place both biotic and abiotic forces into the perspective of expansion as the main measure of a taxon's success, to analyse the respective roles of these forces over the history of a taxon's existence, over origination, peak and extinction. For this three-point analysis, the trajectories do not necessarily need to be unimodal, as unimodality is just the simplest arrangement of the phases of a taxon's existence, whereas points of origination, the last peak and extinction are omnipresent. We analyse correlations between evolutionary rates and competition (as a biotic factor) or environmental change (as an abiotic factor) in the fossil record of large mammals. Our analysis covers North America and Europe at continental scales, as well as a region in Africa (the Turkana Basin).
We define the proxies for evolutionary rates, competition and environmental change from the fossil record in the following way. The extinction rate is defined as the number of genera that last appear in a given time unit, divided by the total number of genera seen in this time unit. The origination rate is defined as the number of genera that first appear in a given time unit, divided by the total number of genera seen in this time unit. The peak rate is defined as the number of genera at the peak of their site occupancy divided by the total number of genera seen in a time unit. The occupancy is measured as the number of localities where a genus is found, in a given time unit, divided by the total number of localities in this time unit. We measure the intensity of competition as the average number of genera per locality (following common reasoning 7, 25 ), and environmental change using the mean hypsodonty (height of molar teeth) of co-occurring species as a proxy for net primary productivity 29, 30 . These independently derived local proxies allow us to directly compare environmental changes at the localities in question.
For interpreting the analyses of the fossil record, it would be helpful to compare with a baseline in which biotic and abiotic forces do not operate or operate independently of the faunal lists. A baseline without limiting forces would not be informative because, without limits on resources, species would keep expanding and there would be no extinctions. A more informative baseline is a random walk model (such as the one exemplified in Fig. 2a) , which is already an approximation of the fossil record (in line with the Red Queen's hypothesis and empirical tests 17 ). In a synthetically generated fossil record such as this, the limiting forces are unidentified. By comparing to this synthetically generated baseline, we can attribute the forces found in the fossil record to biotic or abiotic sources. The baseline correlations are given in Table 1 . The observed correlations are far stronger in the fossil record than in the baseline (Table 1) , which supports our proposition that the start of the decline from the peak in a taxon's history should be dominated by competition (biotic forces), whereas the final extinction should be more strongly influenced by environmental change (abiotic forces).
In the random walk model the relationships between origination or extinction and competition are negative, because the competition index increases (owing to a lack of pressure on the population size). This is what we would expect in the fossil record if resources were unlimited and there was no competitive pressure. Extinction and environmental change are weakly correlated; when some taxa go extinct, the mean hypsodonty of the affected locations changes slightly. Observing correlations beyond those modelled would indicate that taxa that possess particular traits, which fail to match particular environmental conditions, are more likely to go extinct, suggesting the influence of abiotic drivers. Because of the small number of time units sampled, there is a weak residual correlation of the peak with competition in the baseline model.
The results suggest that extinction primarily relates to environmental change, but a relation to competition is also strongly present. In all three datasets, extinction possesses similar relations to environmental changes, whereas its relations to the intensity of competition vary. The weakest relation between extinction and competition is seen in North America, the next weakest is seen in Europe and the strongest is seen in Turkana.
The peak of a taxon's history, identifiable with certainty only after its extinction, is the maximum point of its expansion, and in extreme cases this may coincide with origination or extinction. Across all the datasets, A taxon's history can be conceptualized as containing five distinct phases: origination, expansion, peak, decline and extinction. The observed trajectories are typically monotonic in expansion and decline, with a clearly expressed peak. Letter reSeArCH
the peak is dominated by competition and the relation to competition is at a similar level. This result is consistent with the law of constant extinction 1 , which states that extinction is effectively independent of a taxon's age. The only condition that our analyses suggest is that this relationship is primarily shown by the start of the decline after the peak rather than by the extinction itself. Figure 3 conceptually summarizes the findings. The relationships that we found agree with those found in a study of Cenozoic plankton 26 , showing that extinction is more strongly shaped by climate change than by diversity dependence. Our findings are further supported by a recent analysis of Hawaiian clades of animals and plants 9 , which shows that when the islands reach maximum size and the environment is no longer expanding, competition increases in importance as species richness increases. Our findings are also in line with those of a previous analysis of large mammal extinctions 3 , which showed that during growth there is increasing pressure from competition. The time of peak genus richness is the time of maximum competition, when the diversity equals the carrying capacity. The role of the environment then increases as the carrying capacity starts to decay.
The correlations at origination indicate both competition and environmental change, although these relations are the least consistent across datasets; at least in North America and Europe, they appear very close to the random baseline. It may well be that origination occurs more as a result of random circumstances (such as the emergence of novel traits) than in relation to either biotic or abiotic factors. However, to confirm that this is the case, further investigation will be required.
Notably, Turkana shows a very strong positive relation between competition and extinction. The dataset for Turkana differs from the other datasets not only because it covers less time but also because it has the smallest spatial extent. Evolutionary trends have been shown to be driven by common species 31, 32 , and the average intensity of competition computed over all localities within a time unit is therefore expected to mainly reflect the forces to which the most common species are exposed. We may therefore expect to see the closest relation between extinction and competition in Turkana, where localities are tightly packed and genus ranges typically cover the entire area. At smaller spatial scales, extinction is also more likely to be a local population phenomenon and can therefore be faster and more closely related to competition than is the case in the drawn-out process of full genus extinction.
On the basis of the modelling results and analysis of fossil data, we propose that the Red Queen's hypothesis (emphasizing the role of competition in driving evolutionary rates) primarily relates to the peak in occupancy during taxon history. Because natural selection at any time maximizes the expected amount of expansive energy 12 , evolutionary success is defined not by simply staying alive, but is instead driven by expansion. In this view, traits are adapted to functional demands in a deterministic manner, but which particular taxon next acquires a better-adapted trait is mostly random.
Expansion stops at the peak, the point at which the taxon begins to fail in the competition and starts to decline towards extinction. The path to extinction ends with the extinction event, which occurs when the taxon becomes too rare to be detectable in the fossil record 33 or disappears entirely. Small populations are more exposed and more vulnerable to environmental changes 34 , and a small geographic range in declining populations has been shown to be associated with a higher probability of extinction 35 .
Emphasizing the peak of a taxon's history is in agreement with the finding that major evolutionary trends are best captured by the subset of taxa that are common in each time interval 30, 31 and strongly suggests that competition is the main driver of such trends. It also helps to explain how biotic and abiotic factors drive evolution. There may be no single correct global answer to their relative weight. Rather, we find that it depends on context, and especially on the phase (origin, peak or extinction) in the history of the taxon. The success or failure of taxa in their prime is strongly driven by competition, whereas taxa at the beginning and (especially) the end of their existence are more exposed to environmental forcing. At the end of its history when a taxon is already rare, its final extinction is more likely to be a consequence of environmental change. In this light, the law of constant extinction might be usefully reformulated as the law of constant peaking.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. Synthetic data show the average over 10,000 simulations using a baseline random walk model (s.d. in parentheses). In the fossil data, the correlations that exceed the random walk model by more than one s.d. are highlighted in bold. *Columns corresponding to the argument that a taxon's peak is more related to competition, whereas its extinction is more related to environmental change.
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METhODS
No statistical methods were used to predetermine sample size. Fossil data. We used fossil data from three continents, covering most of North America, the western half of Europe and a region in Africa (the Turkana Basin). We used genera as the unit of evolution. By choosing relatively homogeneous geographic ranges and large herbivorous mammalian genera, we may assume that the genera from a specific continent in a given time unit shared some overlapping resources, and in principle could have competed with one another.
North American data were downloaded from the New and Old Worlds (NOW) fossil mammal database (http://www.helsinki.fi/science/now/) on 13 September 2016. We used data from a square area covering most of the USA and parts of Mexico and Canada, ranging from 25° to 50° latitude and west of -95° longitude ( Supplementary Fig. 4 presents maps of site locations). Only those records from within a single time unit (as recorded in the NOW database) were used. We selected localities dated from 40 million years ago to the present time, and excluded time units that had fewer than five localities. We selected the following orders: Artiodactyla, Perissodactyla, Proboscidea, Primates, Hyracoidea, Carnivora, Creodonta, Tillodontia, Euprimates, Taeniodonta, Arctostylopida, Condylarthra and Dinocerata. From within these orders we selected the genera that were annotated as herbivores in the database. We excluded unidentified genera and genera that were present in fewer than five localities. Extended Data Table 1 summarizes the characteristics of the North American dataset.
European data were downloaded from the NOW database on 19 March 2016. We used data only from Western Europe, which included everything west of 20° longitude (which passes through Poland; Supplementary Fig. 5 presents maps of site locations). We only used records that were within single mammal Neogene and Quaternary (MN/MQ) time units (strict MN/MQ equivalents defined as fitting entirely within the temporal boundaries of MN/MQ units) 36 . The data covered the time interval from 22 million years ago to the present time (corresponding to units MN2-MQ19). We selected the following orders: Artiodactyla, Perissodactyla, Proboscidea, Primates, Hyracoidea, Carnivora and Creodonta. From these we selected the genera that were annotated as herbivores in the NOW database. Where there were multiple dietary assignments within a genus, we assigned it the label of the majority of species within the genus. We excluded unidentified genera and genera that were present in fewer than five localities. Extended Data Table 2 summarizes the characteristics of the European dataset.
Turkana data were derived from a previously published dataset 37 covering the Turkana Basin from 7 to 1 million years ago. The original data recorded individual specimens found at localities, which we aggregated into the occurrence of genera at localities. We further divided this time span into time units of equal length except for the two oldest (which are considerably longer) as per previous publication 37 . For the correlation analysis we dropped two oldest and two youngest time units, which left six units of equal length (0.4 million years each). Four time units, including the oldest ones, had only one or a few localities but with high specimen counts. For these time units, we split the localities randomly into subsets to construct at least five localities per time unit. We selected the following orders: Artiodactyla, Perissodactyla, Proboscidea and Primates, and considered them all to be herbivores. Extended Data Table 3 presents the characteristics of the Turkana dataset. Proxies. As units of evolution, we work with genera, which (at least in the fossil record of land mammals) are more robust than species to noise of identification and to potentially different granularity in defining distinct species across regions 38 . The law of constant extinction was explicitly formulated on the basis of data at many hierarchical levels, and taxon unimodality has been demonstrated for genera as well as for species. Previous work 3 shows that the genus diversity of family-level clades is also unimodal, aligning this pattern directly with the level studied by Van Valen 1 . We define the proxies for evolutionary rates, competition and environmental change from the fossil record in the following way. The extinction rate is defined as the number of genera that last appear in a given time unit, divided by the total number of genera seen in this time unit. The origination rate is defined as the number of genera that first appear in a given time unit, divided by the total number of genera seen in this time unit. The peak rate (the turn-to-decline) is defined as the number of genera at the maximum of their relative abundance (locality coverage) divided by the total number of genera seen in a time unit. The relative abundance is measured as the number of localities where a genus is found, in a given time unit, divided by the total number of localities at this time unit. It is well-documented in macroecology that abundance and occupancy have a strong positive relation 39 . Competition tends to be high if there is a high overlap in occupancy 7 . We measure the intensity of competition as the average number of genera per locality, assuming that the species in question more or less directly compete with each other 25 (that is, they share an adaptive zone 40 ). As a rough approximation, the large herbivorous mammals considered here can be expected to compete directly with each other, making this a reasonable proxy for competition (as good as can be obtained from occurrence data alone); previous approaches 7 have used geographic range overlap index, on the basis of a similar assumption (if species are in the same territory, they compete directly with each other).
The hypsodonty of the molar teeth of herbivorous mammals bears a strong relation to environmental conditions. Mean hypsodonty is a well-established proxy for precipitation 37, 41, 42 and for net primary productivity more generally 29, 30 . We measure environmental change using the mean hypsodonty of occurring species, which allows us to relate environmental changes directly to the localities in question. We first compute mean hypsodonty for each locality, and then average it over all localities separately within each time unit. Environmental change is then defined as the absolute change in average hypsodonty over two adjacent time units.
From the fossil record we tabulated during which time units and in how many locations each genus occurred. Origination and extinction times were therefore straightforward to identify, as we considered origination time to be the time unit in which a genus is first observed, and extinction time as the time unit in which a genus is last observed. We counted the genus to be alive from the time of origination to extinction even if there were time gaps within that period in which the genus was not found in any location. Relative abundance at each time point over the history of the genus is calculated as the proportion of locations in which the genus X is present at time T: occupancy at T for X = number of localities X is present at T/total number of localities at T. The peak in relative abundance was identified as the time point at which the relative abundance for a given genus reached its maximum level, regardless of whether the trajectory was unimodal or not. If there were multiple time points at which this occurred, the latest one was used. The peak is the maximum point of a taxon's expansion, and in extreme cases it may occur at origination or extinction.
The extinction rate was defined as the number of genera at their last appearance (which did not appear at T + 1 or later) divided by the total number of genera: extinction rate at T = number of genera last seen at T/number of genera alive at T. The origination rate was defined as the number of genera that appear divided by the total number of genera: origination rate at T = number of genera first seen at T + 1/ number of genera alive at T + 1. The origination rate was defined with respect to time as T + 1 to reflect the fact that the origination event happened between time T and T + 1. The number of genera alive at T + 1 included the genera that just originated so that the origination rate was scalable (as a probability) between 0 and 1. If all genera originate in the subsequent time unit, the origination rate is 1.
We measure origination rate with respect to taxa that will originate in the next time step to synchronize with the environmental change proxy. Environmental change proxy at time T describes environmental change that happens from time T to time T + 1. If we defined origination rate as the number of taxa first appearing at time T, then that would mean that these taxa actually originated at some time between T − 1 and T, because at T they were already there. Such a case would not be synchronized with the environmental change proxy, which describes time between T and T + 1.
In order to align origination with the environmental change proxy, we need to consider taxa that were not available at time T and that first appeared at T + 1. Therefore, we count first appearing taxa at T + 1 and report it at time T: origination rate at T = number of genera first seen at T + 1/number of genera alive at T + 1.
The peak rate was defined as the number of genera at the maximum of their locality coverage divided by the total number of genera seen in a time unit. The locality coverage was measured as the number of localities where a genus is found in a given time unit over the total number of localities where any genus is found in this time unit: peak rate at T = number of genera at locality coverage peak at T/number of genera alive at T. The intensity of competition was defined as the average number of genera per locality: competition at T = number of observations at T/number of localities at T. Environmental change was quantified as the absolute change in mean hypsodonty. Hypsodonty is measured in the ordinal scale: 1 (brachydont), 2 (mesodont), and 3 (hypsodont). We computed the mean hypsodonty as the mean over the genera present that had assigned hypsodonty values, for each locality. Next, we computed the mean hypsodonty for each time unit as the mean over the localities belonging to that time unit.
For each time unit we computed expected environmental change as: environmental change at T = | mean hypsodonty at T + 1 − mean hypsodonty at T| . The absolute value was taken because we were interested in the magnitude rather than the direction of the environmental change.
We used raw proxies unadjusted for potentially unequal time units. As the proxies are different in nature, correcting them would probably have introduced extra bias. It is clear that the number of originations and extinctions could be expected to scale linearly with time, but it is unclear which of multiple alternatives to select for scaling with respect to the number of species alive or the change in hypsodonty if changes are not monotonic. We therefore considered it safer not to scale with respect to time, especially because the North American and European units were formed as homogeneously as possible and the Turkana time units were of equal length. Therefore, for the purpose of our analysis, we assumed that the time units are uniform in the middle and that changes in extinction and origination events are more likely to occur at the end of time units.
We took into consideration the potential circularity of reasoning when analysing the results. Even though the proxies originate from the same source, different processes are known to govern those proxies and there is different scientific reasoning behind each of them: mean hypsodonty is an ecometric proxy for a key environmental variable (productivity), whereas species density is an indicator of overlap in resource space and thus competition. Despite potential imperfections, this allows us to analyse the existing fossil record. For reassurance, we benchmarked our results against a null model. Selected taxa were assumed to belong to the same adaptive zone, where they experience the same exposure to competition and environment. These assumptions facilitated an approach that allowed us to focus on the primary mechanisms behind evolutionary processes. The reality is undoubtedly more complex as there are many possible ways to form proxies, filter fossil data and compute relative abundances. We have made these computational design choices to be able to analyse the theoretical arguments given the relatively sparse fossil record.
The resulting proxies are given in Extended Data Tables 4-6 . Raw occurrence datasets for each continent are given in the Supplementary Information (Supplementary Tables 9-11 ). Data analysis methods. The fossil data analysis consisted of two parts: generating a baseline model and correlation analysis.
The baseline model that we used is not a null model in the sense that evolutionary forces are eliminated. In such a scenario, extinctions would not occur (except for rare accidents), abundances would only increase and therefore no fossil record would exist as such. This would be too far removed from the actual fossil record. Our goal with the baseline model was to produce a baseline that would help to identify and discard artefacts that may have occurred as a result of small sample sizes and the way in which the proxies were formed. Therefore, our baseline model is a model in which evolutionary downward pressure is present, but in which these forces are as independent as possible from the proxies being measured. It is a random walk model that does not include competition forcing and environmental forcing. The baseline model differs from the fossil data because it operates on abundances, whereas the fossil data represent relative abundances via localities. As we cannot control the variable number of localities in the baseline model without introducing competition, we assumed that the number of localities was fixed and, as a result, the raw abundances generated by the baseline model could be compared with one another over time. Thus, our model has no explicit dependence between competition and abundances. We used this model as a baseline to evaluate the relationships between competition and environmental forcing seen in the fossil data.
The baseline model was generated as follows, with arbitrarily selected parameters (in order to resemble the fossil record). At any time, the abundance of taxa could increase or decrease with equal probability. The expansion or contraction in abundance at each step was drawn from the Gaussian distribution N (3, 1) . At any given time a number of species to originate was drawn from the Gaussian distribution N (7,7/3) . Each taxon at origination was assigned a hypsodonty score (1, 2 or 3) at random. We assumed 20 localities in each time unit. The competition index was computed as the total abundance in a given time unit divided by the number of localities. The environmental change index was computed as the absolute change in the mean hypsodonty over all taxa alive. After computing indices, we dropped the first and the last two time units to match the setting in the fossil data. We set a burn-in period of 30 time units to have taxa at various stages of their history when we started recording. After the burn-in, we recorded the number of individuals over the taxon's history corresponding to the number of time units analysed in the North American (18), European (13) and Turkana (6) to match the number of time units in the analysis datasets (Extended Data Tables 4-6 ). In addition, we recorded a longer time period of 50 time units in order to analyse the effects of the size of the datasets. Table 1 reports the results of the baseline model. Some correlations of this random walk deviate from zero, which is not surprising given how the fossil record is formed. The relation of origination and extinction to competition is negative in the baseline model. This arises from the absence of a downward pressure in relation to abundance, causing the number of taxa and abundance to increase. This matches what we would expect if resources were unlimited, and is a desired property of the baseline model. Extinction and environmental change are correlated in the random walk model, because when taxa go extinct the distribution of hypsodonty in the localities changes. The presence of stronger correlations in the fossil record than those observed in the baseline model would indicate that taxa bearing particular traits, which fail to match particular features of the environment, are more likely to go extinct, suggesting the influence of abiotic drivers. Competition is correlated with the peak in the baseline model primarily as a result of the small number of time units sampled; when a larger number of time units is sampled (50 in our experiment), this correlation disappears. Observing correlations in the fossil record substantially above those present in the baseline model would indicate that a downward turn of taxa does not happen purely at random, but is related to the number of taxa already present, suggesting the operation of biotic drivers.
Correlation analysis uses simple linear correlation measures between evolutionary rates and competition or environmental proxies. For each experiment we generated 10,000 datasets from the baseline model, and computed the mean and the s.d. of the correlations. Then we calculated correlation coefficients for the fossil data, and benchmarked them against those of the baseline model. We used raw competition and environmental change indices to calculate the correlations. Random walk models. The random walk examples shown in Fig. 2 were generated using the following models. For each model we displayed eight trajectories per panel, which were selected randomly from the trajectories that finished by 100 time units and in which the cumulative abundance (the total number of observations over all time units) exceeded 80. Random walk. The simple random walk model is the same as the one used for benchmarking the fossil data analysis results. At any given time, the abundance of taxa can increase or decrease with equal probability. The expansion or contraction in abundance at each step is drawn from the Gaussian distribution N(3,1) . At any given time, a number of species to originate is drawn from the Gaussian distribution N (7,7/3) . Random walk with memory (correlated random walk). This model is the same as the simple random walk model, but the probability at any given time for the abundance of taxa to increase or decrease depends on the previous direction. The probability to continue in the same direction is 0.9, and the probability to reverse direction is 0.1. Random walk with memory and with competition. This model builds on the simple random walk model. At any point in time the probability of an increase in the abundance of taxa is 1/2 − k, where k is a correction factor computed as the mean abundance present in the previous time step. It is the average over a constant, large number of species that could be alive at all times. In other words, population size is divided by a constant: the constant is the expected number of originations at a unit time, multiplied by the number of time units, multiplied by three. In our experiments, the denominator turned out to be 2,100; we consider this a realistic estimate of the maximum number of species to originate during the experiment. Therefore, in practice k is less than one. The correction factor in this example is not a generic index of competition, but an arbitrary parameter created in order to synchronize with the mean number of originating taxa. Therefore, the mean is over a fixed number of species (2, 100 ). This number is the maximum number of species that could appear in this model. The averaging is over all species (not only species currently alive), which ensures comparability of the correction factors over time. In addition to the random walk with competition, this model adds memory to the random walk as described above. Random walk with environment (no memory and no competition). In this model, the probability at any given time for the abundance of taxa to increase or decrease is influenced by a correction mechanism similar to the one used in the model with memory. The probability of an increase is 1/2 + e, where e is the environmental condition. The environmental condition is defined recursively as e at time T = e at time T − 1 + x, where x is a random variable from the Gaussian distribution N(0,0.1). For the simplicity of illustration, all taxa were defined as being affected by environmental changes in the same way. Code availability. The code used for experimental analysis and for generating examples of random trajectories in Fig. 2 
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Materials availability
Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a for-profit company.
Our datasets are included as tables in the Extended data supplement. We will deposit our code to a public repository upon publication.
Antibodies
Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species).
NA, no antibodies were used. 
NA Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines
Description of research animals
Provide details on animals and/or animal-derived materials used in the study.
NA, no live animals were used.
